In dietary phosphate (Pi) deprivation and in aging there is an inverse correlation between renal proximal tubular brush border membrane (BBM) cholesterol (Chol) content, BBM fluidity, and BBM sodium gradient-dependent Pi transport activity (Na-Pi cotransport). The purpose of this study was to determine whether in vitro enrichment of renal BBM with Chol has a direct modulating effect on Na-Pi cotransport. 12 and 24 mol % increases in Chol content caused dose-dependent decreases in Na-Pi cotransport activity, 2,000 in control, vs. 1,450 in Chol (+12%), vs. 900 pmol/5 s/mg BBM protein in Chol (+24%), all P < 0.01, which was paralleled by dose-dependent increases in the fluorescence anisotropy of diphenylhexatriene, rDpH, i.e., decrease in BBM fluidity, 0.203 in control, vs. 0.210 in Chol (+12%), vs. 0.219 in Chol (+24%), all P < 0.01. We found that increasing ambient temperature, which increases BBM fluidity independent of changes in Chol content, increased Na-Pi cotransport. When Na-Pi cotransport was analyzed as a function of BBM fluidity, l/rDpH, we found that at an equivalent BBM fluidity BBM Chol enrichment still resulted in a dose-dependent decrease in Na-Pi cotransport. Finally, in BBM isolated from rats fed a low Pi diet in vitro enrichment with Chol completely reversed the adaptive increases in Na-Pi cotransport and fluidity. Our study therefore, indicates that Chol is a direct modulator of renal BBM Na-Pi cotransport activity, and that in vivo alterations in BBM Chol content most likely plays an important role in the regulation of renal tubular
Introduction
Cholesterol is a major constituent of the plasma membrane (1) . Changes in the cholesterol content of biological membranes alter the fluidity of the lipid bilayer (2), and concurrently influence a variety of plasma membrane functions including enzyme activity and ion transport processes (3) (4) (5) (6) . Specifically, the role of in vivo and in vitro alterations in cell membrane cholesterol content and/or fluidity in the modulation of Na,K-ATPase activity has been well studied (7) (8) (9) . Recent studies indicate that alterations in renal proximal tubular brush border membrane (BBM)' cholesterol content may also play an important role in the regulation of sodium gradientdependent phosphate transport (Na-Pi cotransport). The agerelated decrease in the Vmax of renal BBM Na-Pi cotransport (10) is associated with an age-related increase in BBM cholesterol content (1 1). Furthermore, the age-related impairment in the renal tubular adaptation to a low Pi diet is associated with the inability to lower BBM cholesterol content (1 1). In contrast, in young adult rats fed a low Pi diet the adaptive increase in the Vmax of BBM Na-Pi cotransport (12) is associated with a selective decrease in BBM cholesterol content (13) .
Although these in vivo studies suggest an important physiologic role for cholesterol in the regulation of Na-Pi cotransport, they do not necessarily establish a definite cause and effect relationship between an increase in BBM cholesterol content and a decrease in Na-Pi cotransport activity. In addition, since in each case the alteration in BBM cholesterol content is paralleled by a change in BBM fluidity, it is also not clear whether cholesterol modulates Na-Pi cotransport activity directly or through its effects on BBM fluidity. The purposes of the present study were, therefore, to determine (a) whether in vitro alteration in BBM cholesterol content has a direct modulating effect on Na-Pi cotransport activity, (b) whether cholesterol and/or fluidity per se or both modulate BBM Na-Pi cotransport activity, and (c) whether in rats fed a low Pi diet, in vitro cholesterol enrichment reverses the in vivo adaptive increase in BBM Na-Pi cotransport activity.
Methods
Animals. All studies were performed in male Sprague-Dawley rats (Harlan Industries, Indianapolis, IN) . Before the studies, the rats were equilibrated on a control diet (0.6% Pi, 0.6% Ca, wt/wt; Teklad, Madison, WI) for a 2-wk period. In studies where the effect of in vitro cholesterol enrichment on the in vivo adaptation to a low Pi diet was determined, the rats were fed a low Pi diet (0.1% Pi, 0.6% Ca) for a l-wk period. BBM isolation. BBM from the renal superficial cortex were isolated by a differential centrifugation and magnesium precipitation method exactly as previously described from our laboratory (1 1, 14) . Protein was determined by the method of Lowry et al. (15) using crystalline BSA as standard. Enzyme activity measurements including alkaline phosphatase, maltase, leucine aminopeptidase, and y-glutamyl transferase (BBM-specific), and Na,K-ATPase (basolateral membrane-specific) were measured by kinetic spectrophotometric techniques on homogenate and BBM fractions to determine the specific activity and enrichment factor (specific activity in BBM fraction/specific activity in homogenate) of each BBM preparation (11, 14) . Typically the BBM were enriched at least 12.0-fold for alkaline phosphatase, maltase, leucine aminopeptidase, and y-glutamyl transferase and < 1.3-fold for Na,K-ATPase.
Modulation ofBBM cholesterol content. In vitro increase in BBM cholesterol content was achieved by incorporation of cholesteryl hemisuccinate (CHS) (Steraloids Inc., Pawling, NY), a hydrophilic cholesterol ester, by a slight modification of methods previously described (16) . Briefly, freshly isolated BBM were suspended in 3.5% polyvinylpyrrolidone, 1.0% BSA, 0.5% glucose in PBS, pH 7.50. Ethanol or CHS freshly dissolved in ethanol were then added, and the BBM were incubated in a shaking water bath at 37°C for 60 min. In additional experiments to determine for nonspecific sticking rather than specific incorporation of the lipid to the BBM, cholesterol freshly dissolved in ethanol was also added. BBM were then washed three times in an ice-cold intravesicular buffer consisting of 300 mM mannitol, 16 mM Hepes, 10 mM Tris, pH 7.50, and then aliquoted for simultaneous measurements of (a) lipid composition, (b) fluidity, (c) Na-Pi cotransport activity, (d) Na gradient-dependent phosphonoformic acid (Na-PFA) binding, and (e) enzyme activity.
BBM lipid composition measurements. Total lipids were extracted by the method Bligh and Dyer (17) . Coprostanol (Supelco, Inc., Bellefonte, PA) was added as an internal standard for cholesterol determination. To determine the BBM total cholesterol content, i.e., free cholesterol plus cholesteryl ester, an aliquot of the BBM sample was subjected to alkaline hydrolysis in a reaction mixture consisting of 0.3 ml of 33% KOH and 3.0 ml of 88% ethanol, at 70'C for 30 min (18). Cholesterol content was determined by gas chromatography as previously described from our laboratory (1 1, 14) . BBM cholesterol content was also determined by measuring free cholesterol and c4holestryl ester content separately. Free and esterified cholesterol were separated by a one-dimensional TLC (silica gel; Eastman Kodak, Rochester, NY) with a solvent system which consisted of heptane/diethylether/ glacial acetic acid (85:15:2, vol/vol) (19) . The amount of cholesterol in the cholesterol and cholesteryl ester spots were then measured as above. Individual phospholipid polar head group species were separated by a two-dimensional TLC (20) (silica gel 60; E. Merck, Darmstadt, West Germany) as previously described from our laboratory (1 1, 14) . Phospholipid content in the total and individual phospholipid extract was determined by measuring the phosphorus content by the method of Ames and Dubin (21) . BBMfluidity measurements. The effect of cholesterol enrichment on BBM fluidity was determined by measuring the steady-state and time-resolved fluorescence polarization of 1,6-diphenyl-1,3,5-hexatriene (DPH; Molecular Probes, Eugene, OR). BBM samples corresponding to 0.3 mg BBM protein were diluted with a phosphate-and Hepes-buffered saline solution, pH 7.4, to a concentration of 0.48 mg protein/ml. 1 ;d of the lipid fluorophore was then added from a 1-mM stock solution resulting in a probe/lipid ratio of 1:300. The steady-state fluorescence anisotropy (rDpH) was measured using a photon counting spectrofluorometer (SLM 8000, SLM Instruments, Inc., Urbana, IL) as previously described from our laboratory (I 1). The parameter r provides an index that is inversely related to membrane fluidity (22) . The fluorescence lifetime of DPH was determined by time-resolved fluorescence measurements using a multifrequency phase and modulation fluorometer based on the Gratton design (23), as previously described (24) . The measured phase and modulation values were analyzed assuming either that the decay was made up of a discrete sum of exponential components, or that the decay was made up of one or more continuous distributions of lifetime components (25) (26) (27) . BBM phosphate transport measurements. Transport measurements were performed in freshly isolated BBM vesicles (BBMV) by a radiotracer uptake and rapid millipore filtration technique (10, 12) . To determine Na+ gradient-dependent 32Pi uptake, 10 ,ul of BBMV, which were preloaded with a 300-mM mannitol, Hepes-Tris, pH 7.50 intravesicular buffer were vortex mixed with 40 Ad of an extravesicular buffer consisting of 100 mM mannitol, 100 mM NaCl, Hepes-Tris, pH 7.50, and 100 AM K2H32P04. To determine non-Na+ gradient-dependent or diffusive Pi uptake, 100 mM NaCi was replaced with 100 mM KCL. Uptake was terminated by the stop solution, which consisted of 135 mM NaCl, 10 mM Na2 arsenate, Hepes-Tris, pH 7.50. BBM phosphonoformic acid binding measurements. To determine the effects of cholesterol enrichment on the number and affinity of the Na-Pi cotransport units, Na+ gradient-dependent equilibrium binding ofphosphonoformic acid (Na-PFA) was determined by a slight modification of methods previously described (28) . Briefly, BBMV were preloaded with the 300-mM mannitol, Hepes-Tris, pH 7.50 buffer. Binding was initiated in the presence of a 100 mM NaCl, 100 mM mannitol, 0.2-12.8 mM ['4C]PFA, Hepes-Tris, pH 7.50 solution. Maximal binding occurred at 30 min, and binding was terminated with addition of an ice-cold stop solution, which consisted of 150 mM NaCI, Hepes-Tris, pH 7.50, followed by rapid Millipore filtration. The Vm.,L and Km of the equilibrium binding were determined according to the Eadie-Scatchard transformation of the binding data (29) .
Statistical analyses. All the data were expressed as mean±SE. A one-way analysis of variance with Student-Newman-Keuls multiple range test and/or a two-tailed unpaired Student's t test were used to compare results between the control and the cholesterol-enriched BBM (30) . Significance was accepted at P < 0.05.
Results
The effect of in vitro cholesterol enrichment on brush border membrane lipid composition. As per the design of the study to achieve increases in BBM cholesterol content, which would simulate the 18% increase in cholesterol content in BBM derived from the aged rat (9) , the in vitro incubations with CHS resulted in 12 and 24 mol % increases in BBM cholesterol content and BBM cholesterol to phospholipid molar ratio (Table I) . The in vitro incubations with CHS resulted in a selective alteration in BBM cholesterol composition, as there were no significant changes in BBM total (Table I) The measured increase in BBM cholesterol content indicates incorporation of CHS into the BBM lipid bilayer rather than nonspecific sticking, as when BBM were similarly incubated with equimolar amounts ofcholesterol rather than CHS, the resultant percent increases in BBM cholesterol content were 1.1% and 2.4% respectively, which indicates that nonspecific sticking accounts for < 10% of the measured increase in BBM cholesterol content.
The effect ofin vitro cholesterol enrichment on brush border membrane transport activity. The in vitro increases in BBM cholesterol content of 12% and 24% caused dose-dependent 1.023±0.020W § Results are expressed as mean±SE, n = 6 in each group. * P < 0.05, cholesterol (+ 12%) vs. cholesterol (+0%), t P < 0.05, cholesterol (+24%) vs. cholesterol (+ 12%), § P < 0.01, cholesterol (24%) vs. cholesterol (+0%). decreases in BBMV Na-Pi cotransport activity (Fig. 1) . The control as well as the cholesterol-enriched BBMV exhibited the "overshoot" phenomenon, which indicates time-and Na+ gradient-dependent concentrative uptake of Pi. The initial rate (5 s) of Kt gradient-dependent or diffusive uptake of Pi was < 5% of the Na-Pi cotransport activity in the control and cholesterol-enriched BBMV. The equilibrium (2 h) uptake of Pi was the same in all the three groups (Fig. 1 ), which indicates that intravesicular volume was not altered by the in vitro cholesterol enrichment. Further uptake experiments performed at 2, 4, 6, 8, and 10 s indicated that Na-Pi cotransport was linear at least up to lO s. Extrapolation of uptake by linear regression to 0 s also indicated that binding of Pi is negligible in all the three groups and that differences in uptake represent true intravesicular transport of Pi (results not shown).
The differences in the initial rate (5 s) of Na-Pi cotransport activity between the control and the cholesterol-enriched BBMV were independent of alterations in transmembrane potential difference, as in voltage-clamped BBMV (Kin = Kut = 50 mM KCl plus valinomycin, 10 ,ug/mg BBM protein), Na-Pi cotransport activity was 1,159±68 in control vs. 793±74 in Chol (+ 12%), P < 0.05, vs. 527±74 pmol/5 s/mg BBM protein in Chol (+24%), P < 0.05.
The effect of cholesterol enrichment to decrease Na-Pi cotransport activity was shown not to be caused by a faster dissipation of the Nat gradient by three independent experiments. First, in the presence of 5 mM amiloride in the uptake solution, Na-Pi cotransport activity was 1,383±59 in control vs. 975±49 in Chol (+12%), P < 0.05, vs. 628±51 pmol/5 s/mg BBM protein in Chol (+24%), P < 0.05. Second, in the presence of Na+, but in the absence of a Na+ gradient, i.e., Nain = Na0u, = 100 mM NaCl plus monensin, 5 ug/mg BBM protein, Na-Pi cotransport activity was 148±0.07 in control vs.
108±6 in Chol (+12%), P < 0.05, vs. 73±0.06 pmol/5 s/mg BBM protein in Chol (+24%), P < 0.05. Finally, the effect of cholesterol on BBM Nat transport was determined directly by measuring Na-H exchange activity, and cholesterol enrichment was found not to significantly alter Na-H exchange activity (Table II) .
While the in vitro increase in BBM cholesterol content caused a dose-dependent decrease in Na-Pi cotransport activity, it did not significantly alter BBMV Na-glucose or Na-proline cotransport activities (Table II ). In addition, cholesterol enrichment also did not significantly change the specific activities of BBM-bound alkaline phosphatase, maltase, leucine aminopeptidase, or y-glutamyl transferase (Table III) . Thus, the levels of BBM cholesterol enrichment achieved in this study had selective and specific modulating effects on Na-Pi cotransport activity. The effect ofin vitro cholesterol enrichment on brush border membrane Na-Pi cotransport kinetics. To determine whether cholesterol enrichment caused a decrease in Na-Pi cotransport activity by altering either the binding of Na+ to the Na-Pi cotransporter and/or the stoichiometry of Na-Pi cotransport, the initial rate of 32Pi uptake was measured as a function of extravesicular Na+ ranging from 0 to 150 mM NaCl. A sigmoidal relationship between Pi uptake and extravesicular Na+ concentration was observed for both the control and cholesterol-enriched BBM (Fig. 2) . Kinetic analysis of the Hill plot indicated a coefficient (n) of 1.82 for control, 1.91 for +12% Chol, and 1.86 for +24% Chol BBM, which indicates the interaction ofat least two Na+ ions with the Na-Pi cotransporter, and that cholesterol enrichment did not significantly alter the stoichiometry of the Na-Pi cotransporter. In addition, when the data in Fig. 2 were analyzed according to the Wolf-Augustinsson-Hofstee linear transformation of the Michaelis-Menten equation (29), the best fit in linear regression analysis was obtained with the Na concentration expressed as [Na]2 (Fig. 2,  inset) . Kinetic analysis of the data yielded KNa values of 35±2 mM in control, 33±3 mM in + 12% Chol, and 32±3 mM Na in +24% Chol, which indicates that cholesterol enrichment did not alter the binding of Na+ to the Na-Pi cotransporter. The effect of cholesterol enrichment on the kinetics of Na-Pi cotransport was further analyzed by measuring the initial rate of 32Pi uptake in the presence of 100 mM NaCl and as a function of extravesicular Pi ranging from 25 to 800 ,uM Pi (Fig. 3 ). Analysis of the data according to the Wolf-Augustinsson-Hofstee linear transformation of the Michaelis-Menten equation (29) indicated that cholesterol enrichment decreased the Vmax of Na-Pi cotransport, 4,380±100 in control vs.
3,100±120 in +12% Chol, P < 0.01, vs. 1,550± 100 pmol Pi/5 s/mg BBM protein in +24% Chol, P < 0.01, whereas cholesterol enrichment did not alter the Kpi, 132±6 in control vs.
131±4 in + 12% Chol, P = NS, vs. 128±6 sM Pi in +24% Chol, P = NS (Fig. 3 The effect ofin vitro cholesterol enrichment on brush border membrane Na-Pi carrier number and/or accessibility. To determine whether cholesterol enrichment caused a decrease in the Vmax of Na-Pi cotransport activity by causing a decrease in the number and/or accessibility of the Na-Pi carrier units, Na' gradient-dependent equilibrium binding of ['4C]PFA was measured. Eadie-Scatchard analysis ofthe equilibrium binding data indicated that cholesterol enrichment did not alter the Vmaxs, 21 The effect ofin vitro cholesterol enrichment on brush border membrane fluidity. The dose-dependent effect of cholesterol enrichment to decrease the initial rate of Na-Pi cotransport activity was paralleled by the dose-dependent effect of cholesterol enrichment to increase the steady-state fluorescence anisotropy of DPH, rDpH (Table IV) . Analysis of the time-re-solved fluorescence measurements indicated that the phase and modulation lifetimes exhibited a small deviation (< 5%) from a single-exponential decay, as is typically found for DPH in membrane systems above the lipid phase transition (25) (26) (27) . The average lifetimes, 9.9 in control, vs. 10.0 in + 12% cholesterol, vs. 10.1 ns in +24% cholesterol, were not significantly different between the control and the cholesterol-enriched BBM. Hence, the increase in rDpH as a function of cholesterol enrichment reflects a decrease in BBM fluidity, rather than a decrease in the lifetime of the fluorophore.
The effect of temperature on BBMfluidity and Na-Pi cotransport activity. BBM fluidity and the initial rate of Na-Pi cotransport activity were also measured as a function of ambient temperature. Increasing ambient temperature from 250 to 370C (which is above the lipid phase transition for rat renal BBM) resulted in parallel increases in BBM fluidity (decrease in rDpH) and Na-Pi cotransport activity (Table IV) . Analysis of the data indicates that increasing BBM fluidity, i.e., increasing 1/rDpH, causes an increase in Na-Pi cotransport activity. In fact, when Na-Pi cotransport activity is plotted as a function of I/rDpH, there is a highly linear relationship (r > 0.98, results not shown). Further analysis of the data also indicates that for a given identical BBM fluidity, for example, rDPH 0.242 or l/rDpH 4.125, BBM cholesterol enrichment still causes a decrease in Na-Pi cotransport activity, 1,630±64 in control, vs. 1,389±71 in + 12% Chol, P < 0.01, vs. 1,133±59 pmol/5 s/mg BBM protein in +24% Chol, P < 0.01.
The effect ofin vitro cholesterol enrichment on BBM Na-Pi cotransport and fluidity in rats fed a low-phosphate diet. In agreement with the earlier studies (11) (12) (13) , we found that in rats fed a low Pi diet, there were significant increases in BBM Na-Pi cotransport activity and BBM fluidity ( Fig. 4 ). Since in rats fed a low Pi diet, the increase in BBM fluidity is caused by a selective decrease in BBM cholesterol content (11, 13) , we Figure 4 . Effects of cholesterol enrichment on the adaptive increase in the initial rate of Na+ gradient-dependent 32Pi uptake (Na-Pi, pmol/5 s/mg BBM protein, A), and the adaptive decrease in the fluorescence anisotropy of diphenylhexatriene (rDpH, B) in brush border membranes isolated from rats fed a low Pi diet. Results are expressed as mean±SE. n = 4 in each group.
wished to determine whether in vitro enrichment of these BBM with cholesterol would then reverse the adaptive increases in BBM Na-Pi cotransport activity and BBM fluidity. Indeed, when BBM isolated from rats fed a low Pi diet were incubated with CHS to result in BBM cholesterol content, which was the same as the cholesterol content ofBBM isolated from rats fed a control Pi diet, there was a complete reversal of BBM Na-Pi cotransport activity and fluidity to the same levels as measured in the BBM isolated from rats fed a control Pi diet ( Fig. 4 ).
Discussion
In vivo and in vitro alterations in the Vm. of enzyme and transport protein activity, including Na-Pi, have been proposed to be mediated by several mechanisms including alterations in de novo protein synthesis and/or degradation, protein exocytosis and/or endocytosis, protein phosphorylation and/or dephosphorylation, and protein ribosylation and/or deribosylation. Recent studies suggest that alterations in membrane lipid composition and/or lipid fluidity may also play an important role in the regulation of enzyme and transport protein activity (3-9), including renal I3BM Na-Pi cotransport activity (11, 13, 31, 32) . In our previous study we found that the age-related decrease in the Vmin of Na-Pi cotransport activity was correlated with an increase in BBM cholesterol content and a decrease in BBM fluidity, and that the increase in BBM cholesterol content could play a further role in the age-related impairment in the renal tubular adaptation to a low Pi diet (11) . In this study we show that in BBM isolated from young adult rat in vitro enrichment with cholesterol, to an identical level observed in the aged rat, results in similar reductions in BBM fluidity and in the Vm. of Na-Pi cotransport activity. In addition, in BBM isolated from young adult rats adapted to a low Pi diet, in vitro enrichment with cholesterol completely reverses the adaptive increases in BBM fluidity and the Vma. of Na-Pi cotransport activity. Altogether, these results strongly indicate a physiologic role for BBM cholesterol content and/or fluidity in the regulation of renal tubular Na-Pi cotransport activity. We found that the decrease in Na-Pi cotransport activity as a function of cholesterol enrichment is paralleled by a similar decrease in BBM fluidity. In the present study we did not measure the effects ofcholesterol enrichment on the static and dynamic components of membrane fluidity separately, however, previous studies in artificial liposomes and biological membranes have indicated that in lipid bilayers with a low cholesterol to phospholipid (< 0.33) and/or saturated to unsaturated fatty acid molar ratio, cholesterol enrichment has a more pronounced effect on the static component of fluidity, whereas in lipid bilayers with a high cholesterol to phospholipid (> 0.40) and/or saturated to unsaturated fatty acid molar ratio, such as the renal BBM, cholesterol enrichment has similar effects on both the static as well as the dynamic components of membrane fluidity (33) (34) (35) .
As cholesterol enrichment has concurrent and similar effects on both Na-Pi cotransport activity and BBM fluidity, an interesting question is whether BBM cholesterol content and/ or fluidity per se or both modulate Na-Pi cotransport activity.
In trying to answer this question we took advantage of the fact that independent of changes in BBM cholesterol content, both Cholesterol Modulates Renal Pi Transport 235 E , n -BBM fluidity and Na-Pi cotransport activity increase as a function of increasing ambient temperature. This allowed us to express Na-Pi cotransport activity as a function of fluidity for each of the three BBM cholesterol groups. In this fashion, for a given level of identical BBM fluidity, we found that there was still a significant decrease in Na-Pi cotransport activity as a function of increasing BBM cholesterol content. Thus, our analysis indicates that BBM fluidity and BBM cholesterol content each modulate Na-Pi cotransport activity. Since the fluorescence anisotropy of DPH may largely reflect changes in bulk membrane fluidity, it is still possible that cholesterol may exert its effects through alterations in the fluidity of the lipid annulus (microdomain) surrounding the Na-Pi cotransporter (36) . Alternatively, it is also likely that cholesterol may modulate the Na-Pi cotransporter by directly binding to it, or through some other chemical modification of the transporter (6) .
The ['4C]PFA binding and the Na-Pi uptake kinetic studies provide important insights into the mechanisms by which cholesterol enrichment modulates Na-Pi cotransport activity. The ['4C]PFA binding studies indicate that cholesterol enrichment does not alter the number or the accessibility of the Na-Pi cotransport units. Na-Pi uptake studies as a function of extravesicular [Na] indicates that cholesterol enrichment does not alter the stoichiometry of Na-Pi cotransport. In addition, Na-Pi uptake kinetic studies as a function of extravesicular
[Na] and [Pi] also indicates that cholesterol enrichment does not alter the KNa or Kpi. Thus cholesterol enrichment does not alter the binding of Na or Pi to the Na-Pi carrier units. We propose that cholesterol enrichment most likely decreases the Vmax of Na-Pi cotransport activity by decreasing the rate of movement of the carrier, i.e., turnover, once loaded with Na and Pi.
In the present study we found that cholesterol enrichment selectively modulated Na-Pi cotransport, as cholesterol enrichment had no significant effects on Na-H exchange, or Na-glucose and Na-proline cotransport activities. The lack of the effect of increase in BBM cholesterol content and/or decrease in BBM fluidity on Na-H exchange activity is in agreement with a previous study that showed that in isolated renal BBM n-alkanols, which caused a dose-dependent increase in BBM fluidity, did not influence Na-H exchange activity (37) . Similarly, the results ofour study are in agreement with the findings in dietary Pi deprivation and in the aged rat where the alterations in BBM cholesterol content and/or fluidity were found to have selective effects on Na-Pi cotransport, and not to influence Na-glucose or Na-proline cotransport activities (10, 12) .
The effect of in vitro cholesterol enrichment on renal BBM Na-glucose cotransport activity has not been previously determined. On the other hand, in LM cells (mouse fibroblasts) cholesterol depletion has been shown to reduce the Vm. of 3-0-methyl-glucose transport with no change in Km, and subsequent cholesterol repletion in the same cells was shown to result in restoration of the Vmax ofglucose transport to baseline values (38, 39) . In this respect the renal BBM may differ from the LM cells. In renal BBM the effect of in vitro alterations in BBM fluidity on Na-glucose cotransport has been studied but the results are conflicting. Increasing ambient temperature, which increases BBM fluidity, has been shown to increase renal BBM Na-glucose cotransport, whereas incubation of BBM with either oleic acid (40), or benzyl alcohol (41, 42) , which also increase BBM fluidity, has been shown to decrease renal BBM Na-glucose cotransport activity. Oleic acid, how-ever, causes a faster dissipation of the Na' gradient (40) , and benzyl alcohol causes a decrease in the number of Na-dependent phloridzin binding sites (42) . Therefore, the effects on Na' gradient-dissipation and the number or accessibility of glucose carrier units, rather than the effects on BBM fluidity per se, may mediate the inhibitory effects of oleic acid and benzyl alcohol on Na-glucose cotransport activity.
In this study we also found that cholesterol enrichment had no significant effects on BBM-bound alkaline phosphatase, maltase, leucine aminopeptidase, or y-glutamyltransferase specific activities. The lack of effect of cholesterol enrichment on alkaline phosphatase activity, was actually surprising since in dietary Pi deprivation and in the aged rat the changes in BBM cholesterol content and fluidity were associated with specific alterations in the Vms, of alkaline phosphatase activity (1 1, 14) . In addition, in a recent study in small intestinal BBM in vitro alteration of BBM cholesterol content was shown to specifically modulate the Vmx of alkaline phosphatase activity (43) . We cannot readily explain these apparent differences, however, the renal and small intestinal alkaline phosphatase molecules are known to differ in catalytic and antigenic properties (44), and therefore could differ in their response to increases in BBM cholesterol content. In addition, in dietary Pi deprivation and in aging (1 1, 14) , it is possible that the alterations in the Vm. of alkaline phosphatase were mediated by other factors in addition to changes in BBM cholesterol content, such as alterations in the number of enzyme units. It is of interest that in small intestinal and renal BBM benzyl alcohol which increases BBM fluidity has been shown not to affect alkaline phosphatase activity (41, 43) . Further studies are needed to determine if selective in vitro changes in BBM cholesterol content and/or fluidity regulate renal alkaline phosphatase activity.
In summary, the results of our study indicate that BBM cholesterol content is a direct modulator of Na-Pi cotransport activity, and that in vivo alterations in BBM cholesterol content most likely play an important physiologic role in the regulation of renal tubular Pi transport in pathophysiologic conditions, including in aging and in dietary Pi deprivation.
